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CHAPTER I

REVIEW OF THE LITERATURE

The formation and behavior of clouds is a problem of fundamental
importance.

This portion of meteorological physics has expanded

enormously during the past few years.

The physics of clouds involves

a number of nucleation processes none of which are very well understood
in terms of the detailed micro-physical processes i n v o l v e d . T h e
simplest form of dropwise condensation and the least often observed
is homogeneous nucleation.
Our interest in homogeneous nucleation stems from the fact that
it provides a basis for understanding other nucleation processes such
as heterogeneous nucleation which are prevalent in the atmosphere.
Moreover, it is apparent that homogeneous nucleation is only partially
understood.

At this time there are major discrepancies between theory

and experiment, and there is considerable dissension among those
actively working in this field as to what actually constitutes a "clean"
experiment.
There are many forms of heterogeneous condensation which virtually
are unknown and very poorly understood.

These may be superimposed

upon homogeneous condensation so that they always constitute a threat
to the reliability of homogeneous nucleation experiments.

Accordingly,

it was felt that the best way to further our understanding of nucleation
phenomena in general was to increase our knowledge of homogeneous
nucleation.
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Theory of Homogeneous Nucleation
The methods used in the experimental investigation of homogeneous
nucleation are better understood after a brief discussion of the basic
ideas embodied in the classical liquid drop theory.

This account is

concerned primarily with nucleation from a supersaturated gas-vapor
phase.
In the absence of any fragments of the condensed phase, it is
found experimentally that a fairly high degree of supersaturation must
obtain before dropwise condensation sets in.

All foreign materials

are assumed to be absent, and the initial stages of the nucleation
process involve the aggregation of vapor molecules from the molecularly
dispersed state.

Small aggregates of vapor molecules are called embryos.

The classical liquid drop theory assumes that statistical fluctuations
in the vapor density give rise to a distribution of non-equilibrium
( 2)
states which are identified as the aforementioned embryos.N

The

growth of the embryos is assumed to progress by the acquisition of single
molecules of vapor according to the reaction scheme
A + A
A2

A i-1

+ A

+ A

A2
=

A3

~

A.
i

where A. represents an embryo containing i molecules.

(2 )

These embryonic

states are less stable than the mother phase owing to their large surface
to volume ratio.

Lord Kelvin

(3) first deduced the condition

3
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for the unstable equilibrium of a droplet with the vapor phase, where
p is the vapor pressure over the surface of a droplet of radius r*
at an absolute temperature T, p ^

is the saturation vapor pressure over

a plane liquid surface, M is the molecular weight, R is the universal
gas constant, CT is the surface tension and p is the density of the
liquid.

Bulk values for the surface tension and the liquid density

are assumed to obtain for droplets of embryonic size.
The free energy of the embryo increases with increasing size up

(4 5)

to a point and then decreases steadily.v 3 /

Embryos possessing this

maximum of free energy are called critical nuclei and the corresponding
free energy serves as an activation energy, or energy barrier, in the
way of the dropwise condensation process.

The height of the energy

barrier is given by

_
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r\

/iTT

3
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where S is the supersaturation.

-
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3

167T<T

3(pRTlnS)2

( 2)

The embryos lead a kind of transitory

existence in which they are constantly being formed and dispersed,
the equilibrium distribution of the various size groups remaining
constant with time.

Embryos which happen to attain the status of

nucleus find themselves in metastable equilibrium with the vapor, and
the chance acquisition of another vapor molecule causes them to become
free growing.

Such droplets rapidly grow to visible size.

Under conditions of mere saturation, the number of embryos attaining
the size of nucleus is vanishingly small, and no perceptible condensation
is observed.

However, increasing the supersaturation greatly increases

the number of embryos which become nuclei.

4
The early derivations of the homogeneous nucleation rate were
given by Volmer and Weber ( 1 9 2 6 ) , ^ Farkas (1927),
Doring (1935),^^ Frenkel (1939),

Becker and

and Zeldovich ( 1 9 4 2 ) . ^ ^

others have investigated specialized aspects of this problem.

Many

The

following equations are taken from a review paper by Farley.

The

equations for the nucleation rate may be written as follows:
I - 2p(2irRTM)'1/2

f [ ^ ] 1 / 2 N*

O)

** - »o “ * [ - ■ * $ £ ]

«

** ~

<5>

' ”here s “
3

where I is the number of visible drops/cm

formed per second; N* is

3
the equilibrium distribution of drops/cm ; r* is the critical radius;
k is Boltzmann's constant; p is the vapor pressure; and N q is the
number of vapor molecules per cubic centimeter.
These equations show that the nucleation process is characterized
by an exceedingly rapid increase in the nucleation rate with increasing
3
supersaturation, varying from a few drops per cm

per second at a super3

saturation of 4.9 to several thousand drops per cm

per second at a

supersaturation of 5.2.

The nucleation rate I for a final temperature
l
of -5°C is plotted as a function of supersaturation in figure 19. The
computations were made directly from equations 3 - 5 .

Courtney

(12)

suggests a ■— revision of Frenkel's version of the theory by considering
u

the partial pressure of the embryos which Frenkel and others neglect.
The corrected Frenkel theory, ~ I, is also plotted in figure 19 for
comparison purposes.

5
Mason

(13)

plots the uncorrected theory for a wider range of variables

than have been given in figure 19.
derivation of equations 3 - 5

It must be kept in mind that in the

according to the method of Frenkel,

certain mathematical simplifications are introduced which cause some
error.

However, the calculation of I directly from the differential

rate equations requires solving approximately 100 simultaneous differ
ential equations on a large computer.

The magnitude of the problem

makes the task impractical.
In order to compare ordinary cloud chamber data with theory,
C o u r t n e y ^ ^ combines the

corrected Frenkel theory with a simple

collision frequency droplet growth law and computes the population of
droplets expected after 0.005, 0.010, and 0.015 second for several
different supersaturations and a final temperature of -5°C.

He assumes

that the vapor density remains uniform throughout the volume and that
the effect of the heat of condensation is negligible.

Courtney's data

is plotted in figure 19 for comparison purposes.
It is evident that the classical theory is not without serious
problems.

Lothe and P o u n d ^ ^

and D u n n i n g h a v e reviewed the

classical liquid droplet theory and propose some corrections which are
neglected in the earlier treatments.

The more important of these

arises from the consideration of the translational degrees of freedom
of the embryo.

Another important term arises from the rotational

partition function of a polyatomic molecule with no particular axis
of symmetry.

The inclusion of these factors causes the theory to

predict rates which are too large by a factor of 10

17

.

Lothe and

Pound suggest that the disagreement is the result of the nonaccommodation

6
in the clustering process.

Courtney

0.7)

reviews these considerations

and attempts to resolve some of the difficulties of the classical
liquid drop theory.
The above considerations do not get to the root of the problem.
The liquid drop theory is basically a phenomenological theory based
on the idea that even clusters of only a few molecules may be considered
as well defined liquid droplets, which possess thermodynamic properties
of the bulk liquid phase.

It is evident that concepts such as surface

tension as employed in the liquid drop theory cannot be defined for
embryos of nuclear size or smaller.

Unfortunately, none of the

statistical mechanical treatments, such as the one by Reiss,

fl8)
J have

been carried through to the point where results can be compared with
experiment.

Experimental Methods for the Investigation
of Homogeneous Nucleation
The expansion cloud chamber was developed originally by C. T. R.
Wilson

to investigate condensation phenomena.

and many others extended these observations.

Volmer and F l o o d ^ ^

A degree of supersaturation

was established initially by an abrupt expansion of a volume saturated
with a vapor.

Assuming the expansion was adiabatic, the supersaturation

was calculated from the known volume expansion ratio.

Heat from the

walls quickly relieved the initial degree of supersaturation.

The

latent heat of the condensation process hastened the process.

As a

result the condition of supersaturation became unknown very shortly
after the termination of the expansion.

7
The homogeneous nucleation process is characterized by such an
exceedingly rapid increase in the nucleation rate with increasing
supersaturation that one observes experimentally a fairly definite
minimum supersaturation at which a few droplets per cm

3

appear in an

expansion cloud chamber during its short natural sensitive time.

The

vague term "critical supersaturation" is customarily applied to this
minimum supersaturation.

The term is inherently loose since the

density of the cloud is left undefined and the sensitive time of the
cloud chamber is usually only estimated.

Several authors

have compared critical supersaturation data with the classical liquid
drop theory.

In general, measurements of this type, crude as they may

be, appear to be in rough agreement (within several orders of magnitude)
with the theory.
The errors encountered in these measurements are difficult to
judge; however, these errors may range as high as 500 fold.

This is

readily seen since nucleation proceeds under conditions of supersatur
ation which are decreasing steadily with time.

The resulting droplets

nucleate over a wide range of rates varying from some maximum to zero.
In order to calculate the droplet population which would result from a
given expansion, one would have to integrate the nucleation rate relation
over the particular supersaturation-time curve recorded for the expansion.
Even then, the effects of vapor depletion by the growing droplets would
not be included.

It can be seen that the nucleation rate vs. super-

saturation curve would be difficult to unravel from such data.

Any

means of correcting for the vapor depletion effects by computational
means places the experimenter in the position of attempting to
simultaneously verify the nucleation rate law and the growth law.

8
As an example of the means used to confirm the theory, the author
quotes Farley:
"A reliable comparison of the theory with sound exper
imental data will now be attempted.

Experimentally a cloud

of water drops is observed in an expansion chamber at a
temperature of -20°C, when the supersaturation is 7.9.
This degree of supersaturation is maintained for about 0.01 s.
The number of drops in the cloud can only be estimated
roughly.

If we assume 10 drops per cubic millimeter, I
g
must be of order 10 drops per cubic centimeter per second."
Here Farley guesses at the density of the cloud observed by another
author and estimates the sensitive time of the cloud chamber.

(22 )
Bernardv '

makes the same kind of comparison with theory by using the results of
Volmer and F l o o d a n d

adjusting the droplet concentration to a

value which seemed more likely to him.

(13)
Mason'1
presents some

additional data (taken from various authors) for comparison with the
theory.

(23)
Courtneyv
concludes that previous critical supersaturations

for vapor condensation are altered appreciably by the "wall effect"
and that droplet concentrations are obscured by "memory effect".

Clearly,

reliable experimental measurements are desparately needed.

Re-Evaporation Nuclei
A memory effect has been observed by numerous investigators
using cloud chambers.

It is our belief that an evaporating

droplet leaves behind a submicroscopic residue which is due to the
incomplete dissociation of the liquid droplet.

Such nuclei are called

9
re-evaporation nuclei.

(24)
Thompson' ' first suggested that evaporating

drops reach an equilibrium state at a comparatively large size
(r = 10

cm) possibly determined by a peculiarity in the variation

of surface tension with drop radius.

The reason for the persistence

of these nuclei is still largely a matter of speculation.

According

to Wilson the comparatively large size of these nuclei has been
established by the small but perceptible effect of a large clearing
field on charged re-evaporation nuclei.

These nuclei are a major

source of background in expansion type cloud chambers since a relatively
small expansion is required to cause nucleation on these droplet residues.
It was believed the over-compression technique would reduce the
mobility of evaporated charged droplets to such an extent that the
clearing field would effect their removal, thus, eliminating the need
for time consuming intermediate expansions.

It was generally conceded

that this objective is not fulfilled;'1 7 however, the general lack
of quantitative information leaves this point unsettled.
In addition, re-evaporation nuclei are important in their own
right as a condensation phenomena that is poorly understood.

The

basic process appears to the author to be more fundamental than has
generally been recognized.

This phenomena is not restricted to merely

the formation of residues during the evaporation of the liquid phase
in the presence of the vapor phase.

(27)
Gourley and Crozier' 7 and others

have shown that ice crystals do not completely disappear in a desiccating
atmosphere but leave behind a submicroscopic nucleus which is extremely
effective in nucleating visible ice particles when a supersaturated

10
atmosphere is again established.

W o r k m a n ^ ^ proposed that these

nuclei may be small highly bonded "cells" of ice and might possibly
play an important role in meterological phenomena, such as the pre
cipitation of snow from relatively warm clouds.

Their importance in

meterological situations is undetermined as yet, but the possibility
appears to exist.
(29)
Rodebush'1 ' notes that in the process of recondensation, bubbles
small enough to escape observation evidently persist and that the
properties of liquids are noticeably affected by their presence.
L a M e r ^ ^ points out that many investigators have noted that a melt,
which has once been crystallized and re-heated, will recrystallize
more easily.

This property has been assigned the vague term "memory",

however, it is obviously another manifestation of this same fundamental
process whereby the disappearance of small units of a second phase in
the presence of the first phase is incomplete.

Statement of Problem
The object of this investigation is to apply the best known cloud
chamber techniques to the study of condensation phenomena, directed
mainly toward the development of a precise method for the determination
of homogeneous nucleation rates.

A secondary object is to investigate

the properties of re-evaporation nuclei so that adequate precautions
may be taken to eliminate their detrimental effect in the homogeneous
nucleation experiments.

CHAPTER II
THE CLOUD CHAMBER FACILITY

The expansion cloud chamber appears to be the most powerful tool
available for studying homogeneous nucleation.

Some of the develop

ments in cloud chamber technique made in this laboratory over the
past several years greatly extend the capabilities of this device for
studies of condensation phenomena.

This chapter discusses the

characteristics of the equipment which make possible greatly improved
homogeneous nucleation measurements.
In order to make precise homogeneous nucleation measurements,
the cloud chamber facility should possess certain desirable capabilities.
The dimensions of the chamber should be selected in such a way that
undesirable wall effects do not propagate into the region of measure
ment during the critical part of the experiment.

For instance,

turbulence in the photographed volume should be virtually absent.
Background droplets, due to all causes other than homogeneous nucle
ation, should be reduced to the lowest possible level since these
introduce appreciable error in the measurement of small nucleation
rates.

Background due to normal laboratory radioactivity and cosmic

rays should be distinguishable from homogeneous nucleation.

It is

highly desirable that the nucleation process take place under condi
tions of constant supersaturation, i.e., a constant temperature
should prevail throughout the sensitive time.

A means of accurately
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determining the temperature throughout the sensitive time is absolutely
necessary.

These aspects of cloud chamber design and operation are

disucssed in detail in the sections that follow.

General Considerations
A brief review of the processes taking place in the cloud chamber,
operating in the conventional manner, leads to a clear understanding
of the technique employed by the author to extend the period during
which conditions are known in the cloud chamber.

Cloud chambers are

most frequently designed for precise fast expansions from a welldefined initial volume to a well-defined final volume.

Such instruments

possess a relatively short sensitive time which is a property of the
physical characteristics of the chamber, notably the surface to volume
ratio.

After the expansion the gas-vapor mixture is considerably

cooler than the surrounding confining surfaces.

Any attempt to insulate

the gas from the walls is frustrated by the large heat capacity of
all the available wall materials compared to that of the gas.

However,

it would seem at first sight, that in large chambers the gas in the
center of the chamber would not experience an appreciable rise in
temperature for a second or more after the expansion, owing to the
relatively slow nature of the heat conduction process.

Nevertheless,

there is a mechanism which begins to increase the temperature of the
center of the chamber immediately following a fast expansion.

The

warm walls communicate heat to the gas immediately adjacent to them
by conduction.

The accompanying expansion of this layer of heated

gas compresses the entire chamber, resulting in a general increase in
temperature throughout the chamber.
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Thus, in the conventional cloud chamber the initial supersaturation,
established by an abrupt expansion, is relieved quickly by a rapid
increase in temperature, even in the absence of dropwise condensation.
Another defect of the conventional cloud chamber is that the sensitive
time, short as it may be, is characterized by constantly changing
conditions of supersaturation.

For the measurement of nucleation

rates, this is indeed a serious defect since the observed condensation
is due to nucleation proceeding over a wide range of supersaturations.
One of the objectives of this study is to determine the nucleation
rate as a function of the supersaturation and the above defect makes
the analysis of data difficult, if not impossible.
A technique has been perfected in this laboratory whereby the
initial expansion is followed by a slow continuing expansion which
just offsets the would-be increase in the temperature of the center
of the chamber brought about by the expansion of the layer of gas
near the walls.

In this way a constant supersaturation may be maintained

in the central portion of the sensitive volume until actual conduction
and convection render the central portion of the volume nonadiabatic.
The apparatus used in this work has a floating piston which lacks
stops to define the magnitude of the expansion.

Rather, the magnitude

of the expansion is determined by the "open" time of a specially
designed solenoid valve.

The rate of the expansion is changed by

switching from one valve to another with a different orifice size.
Since the piston always is suspended freely between two confining
volumes of gas, the system is normally oscillatory.

Damping is achieved

by placing several gallons of liquid above the physical piston and
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mounting a fixed hole plate in this liquid.

The hole size is selected

carefully to yield a slightly over-damped system.

This liquid serves

to saturate the sensitive volume with vapor and to trap dust particles
and harmful constituents of the gas which are brought down during
expansions.
The large mass of the expansion mechanism normally would be
considered to be a disadvantage.

However, in a device designed to

yield sensitive times of the order of three seconds or more, expansion
times of the order of 0.1 second make little difference.

The primary

advantage lies in the versatility achieved with the free piston.
The variety of ways in which such a device may be programmed are
almost limitless.

The intermixing of expansions and compressions

makes possible a variety of experiments which yield interesting infor
mation.

However, the technique places greater reliance on electronic

timing circuits than on intricate and less versatile mechanical
mechanisms for defining the duty cycle.
An accurate knowledge of the conditions prevailing within the
cloud chamber is an absolute necessity in studying nucleation phenomena.
The prevailing temperature must be known accurately if supersaturations
are to be inferred accurately.

An analysis of the propagation of

errors shows that an error of 0.1°C in temperature produces about a
5% probable error in the nucleation rate, if the computations are
based on equation (3) of chapter X.

The direct measurement of

temperature in a supersaturated vapor with a fast response time
thermocouple or fine wire bolometer appears to be impossible due to
condensation effects on the element.

Likewise, the general gas laws
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cannot be applied to the chamber as a whole since the temperature
and vapor content are inhomogeneous.

However, pressure equalizes

with the speed of sound so that it is constant throughout the chamber.
If we employ the relation

P 1T 1

P 2T 2

will be correct for a given element of volume, provided this
element of volume has been unaffected by the conduction of heat and
the diffusion of vapor.

Calculations show that to a high degree of

accuracy our chamber approximates these conditions for about 0.5 second.
Again the analysis of the propagation of errors indicates that
if

is to be determined to within — 0.1 C from an initial temperature

accuracy of — 0.05°C, the pressures must be measured with an accuracy
of — 0.5mm Hg.

For pressures around one atmosphere gauge, this implies

a high degree of precision in the pressure recording system.

The

frequency response of the pressure measuring system must be quite
high in order to achieve this precision in a few thousandths of a second.
It requires the use of expanded scale techniques which do not introduce
drift.

Noise pick-up and stability present formidable problems

since these circuits are located in the close proximity of innumerable
switching circuits.
this work.

Difficulties of this type caused delays in

However, these problems have been solved quite satisfactorily.

Design of the Chamber
The main features of the chamber are rather conventional in
design, figure 1.

However, the overall stroke of the piston is much

greater than that for the usual chamber due to the requirements for

16

Figure 1.

The Cloud Chamber
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continuing expansions and over-compressions.

A large diameter, 34 cm,

and small height, about 10 cm immediately following the initial fast
expansion, are chosen to confine convection currents to the portions
of the volume near the walls.

Turbulence is not appreciable in the

central portion of the chamber for three seconds or more following the
beginning of the expansion process.

On the other hand the vertical

dimension must be kept large enough so that the propagation of heat
from the walls to the center of the chamber in perceptible quantities
is suitably long (see figure 1).
The piston plate is made from one-half inch thick 75ST aluminum
plate.

The underside is machined out in a grid of ribs to reduce

its weight somewhat without a significant loss of strength.

A smaller

guide cylinder holds the piston plate horizontal throughout its
motion and provides air passage to the valve manifold, which is
connected to the bottom of the piston guide by means of a universal
coupling.
One-sixteenth inch neoprene rubber sheet is used to seal the
piston to the main frame.

The rubber sheet is cemented to the top

of the aluminum piston plate.

A stainless steel ring clamps the

rubber sheet to the piston plate.

Ridges are machined in the side

of the ring that contacts the rubber in order to grip the rubber
sufficiently tightly to keep it from pulling out under repeated
stretching.

A thin sheet of stainless steel covers the rubber sheet

inside the clamp ring so that the area of rubber exposed to the cloud
chamber liquid is minimized.
the stainless sheet in place.

The inside edge of the clamp ring holds
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In its lowest position the piston rests on rubber pads cemented
to the base plate.

The uppermost position of the piston is limited

by a protection device so that the piston never comes in contact
with the hole plate.

Not shown in figure 1 is a rod which is connected

to the piston and passes through an "0" ring seal in the bottom plate.
This rod operates a linear potentiometer (which serves as a volume
transducer) and a microswitch.

The microswitch is adjusted to protect

the chamber against accidental over-compression by opening a large
orifice valve and exhausting the lower pneumatic chamber.
The volume of the pneumatic chamber is kept to a minimum to
reduce the volume of air required to pass through the valving system
for a given expansion.

The supply of air which operates the chamber

is filtered to remove any foreign particles which might lodge in
valve seats and needle valves.

All solenoid valves are fastened to

the manifold through universal couplings to facilitate their removal
for cleaning.
The wall of the chamber is a 14 inch diameter pyrex mold blown
cylinder obtained from Corning Glass Works.

These cylinders are

selected for better than average wall thickness uniformity.

A hole

is drilled in the cylinder for the introduction of a pressure
transducer.

Conventional "0" ring seals are employed to seal the

pressure transducer adaptor to the cylinder wall.
A stainless steel ring is sandwiched between the pyrex cylinder
and the top viewing glass^ figure 1.
in both sides of this ring for seals.

"0" ring grooves are provided
The clearing field electrodes

are 0.010 inch diameter dark finish chromel wire which are soldered
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into holes in the ring.

The gas filling entry into the sensitive

volume is through the same ring.

The filling valve is made so that

the inside of the ring serves as the valve seat.

This eliminates

pockets which give rise to poofs of gas which are frequently
accompanied by streams of droplets.
The top viewing glass is ordinary 3/4 inch plate glass obtained
from Pittsburgh Plate Glass.

The top glass is maintained at 1.0°C

higher than the liquid floor to prevent condensation on its surface.
The top glass is cleaned with liquid of the same composition as that
which is to be employed as a vapor source.

Four one-inch diameter

brass bolts hold the entire top structure of the chamber together.
The lower edge of the pyrex cylinder rests on a stainless steel
ring which also serves to clamp the outer edge of the rubber diaphragm
in place.

A hole in this ring is used for introducing the liquid.

Recessed into the 45° surface of this plate are six stainless steel
brackets which hold the hole plate in place.

The bevel is arranged

so that the stretched diaphragm lays flat against this surface when
the piston is in its uppermost position.
is machined into the base.

A corresponding 45° surface

In the fully expanded position, only a

negligible portion of the rubber diaphragm remains unsupported.
When not in operation, the chamber is left in the fully expanded
position.
The cloud chamber normally rests in the center of its enclosure,
figure 2.

The cloud chamber rests on parallel ways which are machined

on the flanges of a large I beam.
enclosure for the chamber.

The I beam is part of the steel

The part of the enclosure surrounding the

Figure 2.

The Cloud Chamber Facility
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o
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sensitive volume is shielded with 3/8 inch of steel plate to reduce
the frequency of ionizing particles incident upon the chamber.

The

top of the enclosure is covered by a one-half inch thick aluminum
plate which has a hole for the lens system of the camera.

The

stereo-movie camera rests on this top plate when photographs are
being taken.

The flash tube illumination boxes rest in openings in

three sides of the frame, so that the light beam illuminates the desired
space inside the chamber.

The fourth opening in the frame houses the

incandescent light which is used for visual observation of the chamber.
The incandescent light must be removed in order to withdraw the chamber
from the enclosure.

The lower part of the frame is open construction

to allow easy access to the valving system.

The Valving System
The chamber is expanded by means of a number of solenoid valves
which are attached to the valve manifold, figure 3.

To extend the

sensitive time, the main fast expansion is followed by a slow continuing
expansion.

This is achieved by opening a valve of small orifice at

the instant the large orifice main valve closes.

Several valves may

be employed in succession to give any desired expansion curve.

Valves

connected to high pressure tanks provide for compressing the chamber.
Commercial 1/4 inch solenoid valves are employed for the slow
expansions and compressions.

These are equipped with needle valves

for accurate adjustment of the orifices.

However, commercial solenoid

valves of larger orifice are not found to be suitable for the fast expan
sion and compression valves.

They yield slightly erratic total air

passage for identical timing and pressures.

A special valve, developed

VALVES
EXPANSION
SMALL

Figure 3.

Schematic of Valve Manifold
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specifically for this purpose, is shown in figure 4.

The iron

plunger may be positioned on the valve stem for the maximum desired
orifice.

The orifice is then adjusted by means of the screw which

limits the motion of the valve stem.

To illustrate the criticality

of the performance of the fast expansion valve, it is found that for
expansions of approximately 0.1 second duration, changes of 0.0002
second in the timing produce significant changes in the quality of
minimum ionizing tracks.
In programming the fast expansion valve, the orifice is set to
yield approximately the correct magnitude of expansion for a conveniently
chosen expansion duration.
the timing.

Fine variations are achieved by regulating

Thus, the exact magnitude of the expansion is determined

by the setting of a potentiometer in an RC type timing circuit.
Sequences of experiments are easily programmed since almost every
conceivable alteration in the cycle from one run to the next may be
made electrically.
precision.

Previous settings may be duplicated with great

Greater reliance is placed on simple but versatile electronic

timing circuits than on intricate and less versatile mechanical
mechanisms for defining the cloud chamber cycle.
Pressure Regulation
The type of expansion mechanism described in this paper neces
sitates a means of accurately defining the pressure in the cloud
chamber in its initial state.

A mercury manometer with several platinum

contacts sealed directly into the glass tube is connected to the
pneumatic system as shown in figure 5.

Transistor switches operate

power relays so that almost no current is switched by the mercury

T

2

SCALE IN INCHES

Figure 4.

Special Solenoid Valve for Fast Expansions

and Compressions

N
>
Ln
Figure 5.

Mercury Manometer Type Pressure Regulator
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contact.

This reduces the oxidation of the mercury to such a low

rate that many months of satisfactory service are obtained from the
manometer between cleanings.
the following way.

Pressure definition is achieved in

A trickle of air from a fine needle valve is

fed into the lower pneumatic chamber.

This air flow is adjusted so

that it just slightly over compensates for any small leaks which
might exist in the pneumatic system.

A solenoid operated valve

relieves the excess pressure when activated by the manometer pressure
reference.
vaJve.

A needle valve adjusts the orifice of the pressure relief

By adjusting the rate of influx of air and the rate of flow

of air through the relief valve, it is possible to achieve regulation
to within 0.1 mm Hg.
The lower contact is employed during the final over-compression
of the chamber.

The compression is initiated by the timing unit

and terminated when the mercury breaks contact with the lower electrode.
Cooling of the gas by the confining walls results in several short
openings of this valve which bring the pressure back to the desired
level until the timing system disengages this portion of the function.
Next, a slow expansion, which serves as an intermediate cleaning
expansion, brings the chamber back to a pressure corresponding to the
top electrode.

The speed of this expansion is regulated so that no

new condensation on tracks is produced.

At this time the trickle air

regulating system is engaged and the pressure is regulated up to the
time of the succeeding expansion.
The schematic of the pneumatic system shows three pressure tanks.
These serve as a reproducible supply of air from which the chamber
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operates.

Fluctuations in the school's air supply pressure do not

disturb the operation of the chamber.

Pressure regulators maintain

the pressure in each tank at the desired valve.
to about 50 psi.

One tank is pressurized

It is connected directly to the large compression

valve shown in figure 4 by means of a short length of large bore
rubber pneumatic hose.
chamber very rapidly.

This valve is capable of compressing the
Rapid compressions are used in studying the

evaporation properties of small droplets.
A second tank is kept at about 40 psi air pressure.

This tank

is connected to several 1/4 inch commercial solenoid valves.
are used where slower compression rates are desired.

The final

over-recompression is performed by one of these valves.
third tank is maintained at 20 psi air pressure.

These

Still a

It supplies air to

the trickle air needle valve in the pressure regulation circuit.

Electronic Timing Circuits
The cloud chamber described here relies heavily on a complex
of timing circuits.

The thyratron timing circuit employed is basically

(41)
the same as the one described by Jones and Ruark. ' 1 The only novel
feature is the way in which these circuits are integrated into a
master console of extreme flexibility.

As a result, an hours time

is all that is required to reprogram the cloud chamber for a quite
different type of cycle.

This feature has proved valuable in studying

various cloud chamber techniques.
The programming circuitry is divided into two major parts:
master timer which controls the over-all cycle and the individual

the
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function timers, the number of which depends upon the multitude of
individual functions which must be controlled independently.

The

master timer, shown in figure 6 , is a three tube cyclic unit which
furnishes periodic master grid pulses and the corresponding reset
function.
timers.

The reset function serves all the individual function
Each tube furnishes a grid potential for the one ahead of

it and interrupts the plate voltage to the one just behind it in
the sequence of operation, so that cyclic operation is achieved.
In order to make the grid time constants independent of one another,
two of the tubes are equipped with auxiliary resistors which are
connected through a set of normally open contacts on their own relays
to aid in re-establishing the proper grid bias potentials.

The first

tube has a fixed time constant of about ten seconds which is used
to ring a warning bell ten seconds before the cloud chamber begins
its functions.

The time constant of the second tube determines the

time in which all the individual function timers must initiate and
complete their operations.

The time constant of the third tube

establishes the recovery time.
The individual function timing circuits, figure 7, are of the
same simple design.

A complete unit consists of two tubes; the first

tube begins an operation and the second tube terminates it.

The

construction of the units determines the ease with which alterations
can be made.

It is found convenient to wire all relay contacts

and plug terminals to barrier strips.

Setting up experiments is

reduced to the placement of jumper wires on barrier strips.

Provision
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is made for a plug-in resistor, R , in the grid circuit.

This makes

possible large changes in the time constant by changing the value
of the plug-in.

Contact protection is provided for relays breaking

D.C. inductive loads.

Satisfactory protection for contacts connected

to 1/4 inch commercial solenoid valves is furnished by placing a 1 ufd
capacitor paralleled with a 100K resistor across the contacts.

On

both the master timer and the individual function timers, one set
of single pole double throw contacts is wired to banana jacks on
the front panel as a means of timing the circuits externally.
Although more accurate circuits are available, it is difficult to
find more rugged and reliable circuits.

The Illumination System
Incandescent lighting is used for visual observation in adjust
ing the chamber for best operating conditions.

Xenon flash tube

illumination is used exclusively for photography.

The wide beam

incandescent and flash tube illumination source boxes are constructed
as shown in figure 8 .

Three flash tube units are positioned on

three sides of the chamber and one incandescent unit is positioned
on the fourth side.

The tubes are 3/8 inch in diameter with an

active length of approximately 10 inches and are aluminized over
one-half of their circumference so that all of the light is reflected
from the cylindrical reflector.
The reflectors are elliptical sections with the light source
located near one focus and the far side of the cloud chamber
located at the other.

The various parameters are selected in such

0 =iL

_Y

X Y

Figure 8.

Wide Beam Illumination Unit
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a way that the spreading of the light beam due to the finite source
is just compensated for by the ellipse between the two focal points.
The resulting light beam has sharply defined upper and lower boundaries,
a feature diligently sought out in cloud chamber photography.

If

stray light is allowed to illuminate the top glass or the liquid
floor, the dust particles on the top glass and floating debris on
the liquid scatter much more light than do the tiny droplets which
are being photographed.

Thus, a sharply defined light beam is

essential.
Ultraviolet light in the xenon flash illumination can cause
O
nucleation at low supersaturations unless wavelengths below 4500A
are filtered out.

The mechanism of this effect has not been extensively

explored and is not well understood.

Kodak gelatin filters no. 8-K2

have been found to be most satisfactory where multiple flash photography
is employed.

Kodak gelatin filters no. 12-K2 appear to be satis

factory where only a single flash is used for each expansion.

Heat

absorbing glass filters and a plexiglass water filter are used
with the incandescent illumination unit to remove long wavelength
radiations which perturb the equilibrium of the chamber.
The flash tubes are obtained from Amglo Corporation.

They

are style 6LZ made from 3/8 inch diameter vycor or quartz tubing.
The electrodes are sintered tantalum.
1.5 KV to about 2.5 KV.

The tubes operate from about

As the tube ages the voltage must be

increased to obtain reliable operation.
50 watt-seconds power capacity.

The tubes are rated at
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The flash tube photography is arranged for as many as 22
successive photographs.

Each flash discharges 120 ufd capacitor

charged to 2500 volts through the tube.

Power requirements are so

large that it is not practical to attempt to recharge the energy
storage capacitor between successive flashes.

As a result 22

separate 120 ufd capacitors are charged to 2500 volts.

General

Electric type GL5550 ignitions are used to switch individual
capacitors into the circuit at the proper time.

The complete

camera and illumination circuit are shown in figure 9.

Each flash

has a duration of about 1 millisecond and a peak current considerably
in excess of 500 amperes.

The flash tubes are heavily over

worked and their lives are shortened correspondingly.

In an effort

to-extend the life of the flashtubes to a reasonable value, the
flash tubes are fired alternately to allow more cooling time
between successive firings.

Flash tubes with the highest input

energy capacity available commercially, consistent with the physical
size requirements set by the apparatus, are employed.
The broad beam light sources proved to be not very useful for
homogeneous nucleation measurements.

A suitable reflector could

not be devised for collimating the light into a beam about two
centimeters wide.

Some flash tubes were obtained which were alumi

nized 360° around their circumference.

A jig with a razor blade

cutter was devised to shave off the aluminum coating and produce
a 1/8 inch slit in the tube.

This slit was then used to approximate

a line source for a Bausch and Lomb 50 mm focal length strip lens

Figure 9.

Camera and Flashtube Circuit
w
Ln
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collimator system.

The line source was placed approximately at the

focal point of the convex strip lens.

The best adjustment of the

system was determined by flashing the flash tube and allowing the
light to fall on a piece of photographic paper which was then
developed.

A narrow beam of uniform width with sharp boundaries

was selected as satisfactory.
definition of the beam.
the band of light.

Slits were used to improve the

Adjustment screws were used to level

The same filters were used as were used on

the wide beam illumination units.
Since three units could not be made sufficiently perfect in
time available, it was decided to use only one light unit and to
flash it only three times in succession.

The total energy input

was so great that the third flash was extremely erratic.

This

scheme proved to be quite satisfactory for the homogeneous nucleation
measurements made as part of this work.

Stereo-Movie Camera
A 35 mm stereo-movie camera, designed in our research laboratory
and constructed in the mechanical engineering shops, is used to
photograph the cloud chamber.

Figure 10 is a drawing of the camera.

Figure 11 is a photograph of the same view of the camera.

A skip

scheme is used so that stereo pairs are taken along the 35 mm film.
Two frames appear between stereo pairs.
advances the film two frames each cycle.

The geneva mechanism
The following indicates

the relation between frames:
A —

B

A*

C

B'

where A and A' are stereo pairs.

D

C*

E

D'

E'

The camera takes 22 stereo-pairs

u
Figure 10.

Stereo-Movie Camera

itj■
‘ri
Figure 11.

Stereo-Movie Camera

39
during each sequence of photographs.

Shorter sequences of 11 and

7 or 8 frames may also be taken by programming the stepping switch
appropriately,, (see figure 9).
The camera is designed so that it may be easily converted to
70 mm film by simply changing sprockets and the film gate.

70 mm

operation has the advantage that a roll of film lasts twice as long
and speed of film movement is smaller.

Higher framing rates are

possible without tearing the film.
The framing rate may be changed drastically by interchanging
the motor drive gears in the front gear box.

Smaller changes in

the framing rate are obtained by changing the DC voltage to the
motor.

The camera operates at about 15 frames per second on

54 VDC for 35 mm operation.
Analysis of figure 9 shows that the motor starts when the
-10 second relay closes.

This allows the motor and part of the

gear train to come up to speed prior to the time the clutch is
engaged.

The clutch is engaged by the start function of the clutch

function timer.

After the clutch is engaged, the framing rate is up

to normal speed within two frames.

The stop function of this timer

should be set long enough to allow the camera plenty time to complete
its cycle.

A cam driven microswitch in the camera synchronizes a

flash with each frame as the camera runs.

The automatic stop relay

turns OFF the camera motor and releases the clutch simultaneously
when the camera completes a film sequence.

The stop and reset relay

performs the reset function so that the next film sequence may begin
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at the same point.

The release of the clutch automatically engages

a brake which stops the film motion quite abruptly.
If the film in the camera tears or if the roll of film is used
up, a safety switch stops the sprocket motion.

The safety switch

rides on top of the film as it goes through the gate.

When there

is no film to hold the switch up, the switch falls and disconnects
the microswitch stopping the sprocket motion and the firing of
the flash tubes.

The operator knows there is a malfunction inside

the camera or that roll of film has run completely through.

The Pressure and Volume
Measuring Circuits
An accurate knowledge of the conditions prevailing within the
cloud chamber was the heart of the entire homogeneous nucleation
experiment.

Most of the experimental effort was devoted toward

developing a satisfactory data collection system.

Standard

commercially available components were used wherever possible.
A block diagram of the pressure measuring circuit is shown in
figure 12.

The particular pressure transducer shown was selected

primarily because it was a small flush diaphragm unit with continuous
response.

The output signal was amplified until the desired sensi

tivity was obtained.

The automatic bias unit biased out the major

portion of the signal so that only the last 60 millivolts or so
were recorded.

The bias unit was programmed to provide the appropriate

bias at the proper time.
OFF

In between times the galvanometer remained

Figure 12.

Block Diagram of Pressure
Measuring System
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The bias supply receives a DC input voltage from a highly
isolated and well regulated transducer power supply.

This power

goes to two separate potentiometer circuits which are isolated from
one another, and further regulated by the best temperature compensated
zener diodes.

The bias voltage is then selected by a mercury

wetted reed relay and sent to a Scientific Data Systems HX-18
amplifier, which has a gail of XI.

The output voltage then has an

internal resistance of less than 0 .0 1 ohm.
In order to reduce the noise pickup due to the relay capaci
tance between the relay contacts and the coil, a relay repeater
was inserted in the circuit to furnish the coils of the relays in
the bias unit with a clean and highly isolated source of power.
This reduced the noise pickup from power line sources to a respectable
level.

Low temperature coefficient resistors and low thermal solder

were used throughout the circuitry.

It was found that cable shields

could be grounded only in very strange ways.
The pressure transducer system is calibrated against a Kollsman
type 1038B-10-06 differential pressure gauge.

This gauge is

corrected for atmospheric pressure by means of an ordinary barometer
which can be read to 0.1 mm Hg.

The Kollsman gauge was calibrated

against a mercury manometer and found to be accurate to within
0.2 mm Hg which was considered to be about the accuracy with which
the manometer could be read.
The volume transducer consists of a slide wire potentiometer,
the moving contact of which is attached to the piston plate of the
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cloud chamber.

A piece of straight wire is used for the resistance

element so that a continuous response is obtained.

Again an

amplifier is employed to obtain the desired degree of sensitivity.
The trace is recorded on the Minneapolis-Honeywell recorder along
with the pressure measurement.

Since the configuration of the

diaphragm introduces some non-linearity in this transducer system,
the volume is calibrated by filling the cloud chamber with liquid
and then removing the liquid and measuring the actual volume as a
function of liquid level.
liquid level.

A cathetometer is used to observe the

CHAPTER III

THERMODYNAMIC CONSIDERATIONS

A lack of knowledge of the thermodynamic parameters within the
cloud chamber has plagued cloud chamber measurements since the time
of C. T. R. Wilson.

Some investigators have begun shock tube measure

ments in an effort to get away from the wall effects which are inherent
in cloud chambers.

Part of the reason for the large disparity between

experimental data, given by various investigators making critical
supersaturation measurements for homogeneous nucleation, is due to
the rapid warming rate of the expansion chamber immediately following
a fast expansion.

Without an accurate knowledge of the temperature,

the supersaturation ratio achieved by the expansion cannot be calculated
with certainty.

The supersaturation, as can be seen from equation (3)

of chapter I, is the most important parameter in our experiments.
When the cloud chamber is in the ready position, just prior to
an expansion, the vapor is assumed to be in equilibrium with the liquid
pool of the chamber.

Although there is a small top-bottom temperature

gradient, the equilibrium vapor pressure still corresponds closely to
the temperature of the liquid.

It is necessary to maintain the top

glass of the chamber about 1.0°C above the temperature of the liquid
to prevent condensation on the top glass which would prevent a clear
view of the chamber.

This gradient also insures the stability of the

gas and assists in damping out convection currents.
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During the normal operation of the chamber, the gas near the walls
is either heated or cooled depending upon whether the chamber is ex
panded or compressed.

The warm gas rises to the top and the cool

gas settles to the bottom of the chamber by convection.

Thus, com

pressions and expansions contribute to the top-bottom gradient.

This

contribution to the gradient, due to the normal operation of the
chamber, diffuses away almost entirely during the waiting interval.
The effect of the temperature gradient is neglected in all of
our calculations.

No adequate means of measurement of the temperature

distribution was immediately available and any systematic error due
to the presence of the gradient was judged to be small enough to
warrent its neglect in our exploratory measurements.

It is assumed

that the entire chamber may be considered to be at a uniform temperature
just prior to an expansion.

Heat Conduction From Walls
During an expansion of a volume-defined cloud chamber, the temper
ature of the gas in the chamber cools from an initial temperature T^
to a final temperature T 2 .

The final temperature T2 can be calculated

from the adiabatic relation:
T

1

if the expansion is truly adiabatic.

Due to the heat capacity of the

walls, top glass, and liquid (see diagram of apparatus, figure 1 ), the
temperature of these surfaces remains at the temperature T^.
heat flows into the chamber during and after the expansion.

Thus,
In a
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very short time then, the temperature throughout the gas becomes quite
heterogeneous.

(35 )
A calculation by Williams'’ * shows that there is

a rise in temperature of the order of

confined to a

thin layer in the neighborhood of the surfaces.

This warm thin layer

expands at constant pressure and compresses the rest of the gas.
compression heats up the rest of the gas.

The

So, the final temperature

■y- 1
-y- 1
calculated from the expression T^V^'
= ^ 2^2

does not give the

correct final temperature, since the expansion requires a finite time.
The volume is said to be non-adiabatic, meaning that the adiabatic
relation using volume measurements does not give the correct final
temperature T 2 *

The warming of the gas at the center by heat conduction

and convection is a slow process compared to the above compressive
phenomena.

Williams,

Milatz and Van Heerden,

and E n d t ^ ^ ^ ^

show how the temperature at a distance x from the walls varies as a
function of time due to conduction and compression effects.
The problem of calculating the precise temperature distribution
throughout the cloud chamber is very difficult because heat diffusion
is not the only effect that must be considered.

(43 44)
Onsager' 3
showed

in 1931 that when heat flows through a medium containing matter, which
can diffuse, there is a coupling between heat diffusion and matter
diffusion.

Fitts

discusses this effect in greater detail in his

book on non-equilibrium thermodynamics.

Nobody has solved the double

diffusion problem for an expanding cloud chamber saturated with vapor.

/o c\
However, several investigators, Williams,'

' Van Heerden,

( 36 )

(3 7 )
Endt,

and C a r s t e n s , ^ ^ have solved the problem approximately for heat diffusion
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only.

Since we have no method at the present time to measure temperature

at various positions inside a wet chamber immediately following a fast
expansion^ the calculations in the above listed papers are considered
sufficiently quantitative to serve as a guide in this work.

The next

section discusses the calculation of Carstens and Buecher for the flow
of heat into the chamber after an expansion.

This calculation fits

our experimental conditions more closely than the others.
Our experimental technique is based on counteracting the compressive
effect of the heat flow from the walls of the chamber with the continuing
expansion.

The remaining heat propagation is assumed to approximate

a pure heat conduction problem.

Since the pressure is the same through

out the chamber the final temperature may be calculated from equation
(1) of chapter II.

This equation will predict T2 with satisfactory

accuracy until the element of volume in question is affected by actual
heat conduction and vapor diffusion.

The problem is to estimate

conservatively the rate of heat propagation into the chamber's sensitive
volume.
The ordinary heat conduction equation is used to estimate the
transient temperature distribution within the sensitive volume of
the chamber for short times after the initial fast expansion.

(34 )

The solution of the ordinary heat conduction problem should provide
estimates of the temperature rise as a function of the time which are
on the high side since an appreciable portion of the energy is removed
as PdV work in practice and this is not taken into account in the
solution.

The assumption of simplified boundary conditions

AS
enabled the solution to be obtained in closed form.

Both the

radiative and convective modes of heat transfer are ignored.

An

averaged diffusivity of helium is taken appropriate to the helium
gas at the final pressure.

The effects of mass diffusion are completely

neglected.
The heat conduction equation is written as
k V 2u - | £
where U(r,z,t) is the temperature.

The radius is denoted by r, the

height by z and the diffusivity of the medium by k.

Due to symmetry

in the 9 coordinate, the equation may be written

1 3

T

1 3u

3u1 , 3 ^

This separates into three ordinary differential equations one of which
is Bessel's equation
d2R
+ - ^ + J32R - 0
d72
r dr
r
9
where 3” is the separation constant.

Since the solution must be

finite at r = 0 ,
r - C0 J 0 (r3)
The total product solution may be written as
U(r,z,t) = J 0 (r3) £ A sin(yz) + B cos(7 z)J e~akt + U gg
where U

ss

is the steady state solution and y ** a - 3^*

Defining U' - U - UQ, the simplified boundary conditions may be
written as
(a)

U '(Rq ,z, t) - 0

(b)

U'(r,0,t)-0

where R

o

is chamber radius
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(c)

U'(r,h,t) - 0

where h is the sensitive volume

height after expansion.
(d)

U' (rjZj0) = U x - U Q = AU

where U Q is the initial room temperature and

is the temperature

throughout the chamber immediately after expansion.
gives

= \^/R q w^ ere

Condition (a)

is a root °f the zero order Bessel function.

Condition (b) gives B = 0, and (c) gives

" nrr/h where n is an integer.

The solution now has the form
U =

Z

Z
n

A,inJo(r(3i> sin

2

Finally, condition (d) evaluates A^n in terms of a Fourier Bessel series.
tsn =
where,

L
L
£
i n£

A
A inJo
inJc (rP.) sin /

z

_1 C2H+ 1 )-1 .

A in

This leads to the final solution,
V *
u - u

+ ^
O
7r

y

*-•

y

n=o

j=l

j£> sin < ^ i i r «

(2n + 1 )

JxCVj)

exp

from which the isotherms in figure 13 have been calculated.

These

isotherms are drawn for one quadrant of the chamber, the center of
the chamber being at 5 cm height and zero radius.

A temperature drop

of 25 centigrade degrees is used assuming a starting temperature of
20°C.

The atmosphere is helium saturated with water vapor.

The

central two centimeter thickness within the sensitive volume remains
adiabatic to a very high degree of accuracy for about 0.5 second after
the fast initial expansion, if these isotherms can be relied upon.
Temperature measurements with fast response time thermocouples
can be made for compressions since condensation on the element is not
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bothersome in this case.

Measurements of this type are to be attempted

in the near future to test the validity of the assumptions made in the
heat flow calculation.

Calculation of Supersaturation
During the waiting interval between expansions, the equilibrium
vapor density is established in the sensitive volume, i.e., the inert
gas takes on vapor until it becomes saturated.

The equilibrium satur

ation vapor pressure is represented as a function of the temperature
in figure 14 by the solid curve.

Vapor pressure data is taken from

the International Critical Tables.
the initial temperature T^.

(45)

The vapor pressure is p^at

The sudden adiabatic expansion of the

chamber causes the vapor pressure to decrease in the same proportion
as the total pressure decreases.

The final temperature resulting from

the expansion is T 2 and the final vapor pressure is p 2 «

The actual

vapor pressure P 2 is significantly greater than the equilibrium vapor
pressure p^ at temperature T 2 .

Thus, the ratio of 1*2^2 *"s t*le

supersaturation ratio.
In the calculation of supersaturations in this work, the ratio
of the final to the initial total pressure ^ ^ l
from the oscillogram (see figure 17).

determined directly

Thus, P 2 is found by

The final temperature is determined from graphs which represent equation
(1) of chapter II for various initial temperatures.

The final temperature

mm Hg
VAPOR PRESSURE

Figure 14.

Vapor Pressure Diagram
Ui
ro
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is plotted as a function of the pressure ratio.

Curves are drawn

for 0.5°C intervals so that interpolations are readily made with
adequate precision.
In the calculation of the curves, the ratio of the specific
heats, 7 , was calculated from the formula of Richarz.

JL. -

7-1

where 7

g

-i—
7g"l

£* +
P
AT1

refers to helium and 7

Pv
P"

to water vapor; p
^

8

is the partial

pressure of helium, pv is the partial pressure of water vapor; and
P is the total pressure of the gas-vapor system,

P
g

Error Analysis for Temperature
The following is an analysis of the error in final temperature

p
from T,
Consider

T-,

(ill)

__l * 7 # due to errors in the pressure measurements.

P2

A t 2 = -3 7 8 7 + 1 ^

8p2 +

^

8p1 + | |

8 Ti
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^2

where.

= > ti

d y

P

7

In £ l
P2

Pi

IzZ
7

P2

^ 2 =, . Ti
SP2
P2

IzJL
7

St 2 = - P 2

P2

Z

c>
p2

Pi

St 2 .

ilZ

Pi

ilz

Pi

7

•

P2

All these partial derivatives can be evaluated.

Estimations of our

experimental accuracy are as follows:
“ 0.05°K, since a thermometer calibrated by the National
Bureau of Standards was used;
8 7 ■ 0.0001, from Richarz's formula;

|A P j J “ |A P; |j

since both pressures are measured with the same

amplifier.

If the amplifier drifts, both pressure

traces drift by the same amount.
For a temperature change of ^ 0.1°K in

t

2, the r.m.s. value for

A T 2 is given by

AT 2 - 0^?2)

+ C^)

+ C^7) 2 + & T x ) 1

where,
AP,

2

ap2

The change

8 p

'2,

AP

_ 2
<SAPi. -- ^
2 8
*1, Ar
a p

-

8 r,

- A*.
and
AT!
-

__ 2

8 xr

can be determined from the above equations vith 8 7 3

8 TX and A T 2 given.

A typical set of experimental values are:

7 - 1.645

P 2 “ 485.3 inches of water

Tx - 23.2°C

£ 2 - 0.789.
P,

608 inches of water
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Using these values the partial derivatives are:

St -

1.18°K/cm Hg

Sto

- -1.48°K/cm Hg

Sp .

St2

St 0
0.915

Sti

o *y

- 1.532°K

The r.m.s. value of §P “ - 0.56 mm Hg results.

The sensitivity of

the pressure measuring system is 0.66 m m Hg per scale division
recorder deflection.

Therefore* the trace of pressure on the recorder

needs to be read to the nearest scale division.
always.

This was not possible

CHAPTER IV

NUCLEATION EXPERIMENTS

The experiments described in this section represent work which
began in October* 1963* when the measuring system was finally perfected.
It represents the effectiveness of the method at its present state
of development.

Much of the data should be treated as preliminary

since it represents capabilities rather than actual refined exper
imental data.

More extensive experiments are proposed in the future

to take advantage of the gains made during this work.
An idea was conceived which would allow rather precise measurements
of homogeneous nucleation rates.

It makes use of the unusual and unique

capabilities of the cloud chamber developed in this laboratory.

The

nucleation rate is known to decrease rapidly due to the depletion of
available vapor by growing droplets.

Courtney gives some calculated

(14)
results which indicate the times associated with this effect.v 7
The measurement of homogeneous nucleation rates is accomplished
by programming the cloud chamber as shown schematically in figure 15.
A rapid expansion* AB* establishes the desired degree of supersaturation.
A continuing slow expansion* BC* maintains a constant pressure within
the sensitive volume for a short time.

This means that in the central

portions of the chamber the supersaturation is constant.
nucleation takes place during this interval of time.

Homogeneous

A small but

rapid compression* CD* reduces the supersaturation just enough to.
stop the nucleation process.

During DE, the supersaturation is

Pressure R a t i o
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Figure 15.

Schematic of Cloud Chamber

Program for Homogeneous Nucleation
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kept as high as possible, without creating any new nucleation, to
allow the droplets to grow to photographable size quickly.

The

droplets are photographed three times by a stereo movie camera.
Six separate pictures of high quality are available for drop counting.
The electronic flash illumination is carefully collimated into a
narrow beam.

This narrow beam accurately defines the depth of the

section which is photographed.

Only the central portion is photographed

so that areas affected by heat conduction are carefully avoided.
The remaining portion of the cycle, EFGH, is designed to virtually
eliminate all re-evaporation nuclei which are the major cause of
background.

This is a form of heterogeneous nucleation which

frequently is superimposed upon homogeneous nucleation in experi
ments.

A study of this effect has been made.

Background droplets

are readily suppressed down to magnitudes of the order of one drop
in 40 cm3.
Measurements of homogeneous nucleation rates, made with conden
sation on ions superimposed upon them, are subject to appreciable
error.

The random nature of the arrival of different particle types

makes it almost impossible to correct effectively for condensation
on ions.

This difficulty can be avoided entirely by employing a

suitable clearing field.
found quite adequate.
of nucleation.

A field of 100 volts per centimeter is

The field is turned OFF just prior to the onset

The only ions present are in the form of tracks which

are easily identified even in fairly dense clouds of condensation.
The chamber is shielded with 3/8 inch of steel to further reduce the
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frequency of electron tracks which are ejected from the walls of the
building of the cosmic rays.

Under these conditions the photographs

rarely contain a single track.

In all probability the background

level mentioned earlier may be due to incompletely swept out ions.
At any rate, this sets the lower limit to the nucleation rates which
are observable with our apparatus.
If the electric clearing field is not employed at all, the experi
mental results are altered appreciably.

Due to the random nature

of the arrival of the particles, ion trajectories in all stages of
diffusion are present.

After a few tenths of a second a rather even

distribution of background ions builds up when the field is OFF.
Superimposed upon this rather even distribution are more densely
populated regions.

In reality, these are diffused tracks which have

diffused for only a few seconds.

The normal rate of arrival of new

tracks which retain their distinctive track-like characteristics are
also present.

A photograph illustrating the effect of the ions is

shown in figure 16.

Table I compares observation with and without

the electric clearing field.
An actual multi-channel light beam oscillograph recording of an
experiment is shown in figure 17.
main expansion is denoted by A.

The pressure reading prior to the
To prevent damage to the galvanometer

the pressure trace is switched OFF during the expansion itself, B.

The measurement is resumed just before the completion of the expansion,
C.

Care is taken not to "peg" the galvanometers since this produces

a "set" in the suspension and causes an error.

The supersaturation
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Figure 16.

Condensation on Ions Superimposed on Homogeneous Nucleation

Date

Expan
sion
No.

Initial
Initial Pressure
Final
Temp. (inches
Temp.
°C
of water]
°c

Final
Total
Pressure Super- Time No. of
(inches satur- Sensa- Drops
of water ation tive Counted

Drops
/cm**

20 Nov 63

13

25.5

599.6

+1.8

486.2

3.75

.11

28

.65

20 Nov 63

21

25.1

599.6

- *05

478.6

4.18

.05

399

9.38

20 Nov 63

3

25.5

598.4

- .7

473.3

4.44

.09

640

24 Nov 63

IB

21.7

599.4

-5.1

470.3

4.87

.05

550

1 Dec 63

4C

21.6

596.8

-5.2

468.4

4.87

.06

76

15
32.3
.91

23 Nov 63

26

23.1

599.3

-5.9

467.2

5.07

.03

377

21.9

1 Dec 63

19C

21.6

597.0

-5.7

466.0

5.04

.02

151

1.8

23 Nov 63

13

23.1

600.6

-5.4

471

5.34

.04

392

46.08

4 Dec 63

12

24.4

599.0

-4.5

461.8

5.38

.05

559

23 Nov 63

17

21.7

599.3

-7.1

461.6

5.49

.07

354

1 Dec 63

10B

21.8

596.6

-6.9

461.0

5.46

.09

586

Table I
Effect of Ions on Homogeneous Nucleation Rates

I
exp
5.98

Electric
Field
'on' or
'off
off

188

off

167

off

647

off

15.2

on
off

90.6

on

1152

off

13.2

263

on

41.65

595

off

__ 26.3

292

___ on____
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Figure 17.

Oscillogram Recording of Cloud Chamber Expansion
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is computed from the pressure measurements.

The volume trace, V,

is of rather low sensitivity since it is of marginal usefulness.
The third trace is used primarily to mark the positions of the electronic
flash photography.

This trace was not active in this recording.

The

rather large oscillations immediately following the initial expansion
are believed to be due to vibrations in the frame of the apparatus.
The residual hum pick-up has an RMS magnitude of about 0.3 millivolt
and is superimposed on a 2 volt signal prior to biasing.

Some further

reduction in this noise is possible by employing hum bucking techniques
and making extensive use of doubly shielded, cable.
In making measurements of homogeneous nucleation rates, it was
necessary to have precise control over the time interval BC in
figure

15.

The total population of droplets nucleated during BC

had to be kept reasonable in order that the growing droplets have
sufficient vapor available to allow them to develop to photographable
size.

In most cases the droplet density at the end of the experiment
3
was between 10 and 30 drops/cm . Since the illuminated beam was
2
1.5 cm in width, the camera was photographing 20 to 60 drops/cm .
The probability of overlapping drop images was not believed to be
important at these droplet densities.

Other experimental errors

were believed to predominate.
In order to test the magnitudes of the reduction In the apparent
nucleation rate, measurements were made with several different sensitive
times for the same supersaturation level.

The nucleation rate was

obtained as a function of the time by taking differences.

Crude

data illustrating this technique are displayed in figure 16.

Data

M
U
C
LC
A
T
IO
N N
ATE

N
U
C
LEA
TIO
N N
ATE

64

Figure 18.

Decrease in Nucleation Rate with Time

Expan
sion
Number
Date

Initial
Temp.
°C

Initial
Pressure
(inches of
water)

Final
Pressure
(inches of
water)

Final
Temp.
°C

S

Time
Sensative

Total
No. of
Drops
Counted

Drops
/cnr

I

exp

30 Nov 63

3B

20.0

599.8

-8.40

463.0

5.55

.09

476

14.0

155

30 Nov 63

6B

20.0

599.8

-8.4

463.2

5.55

.05

320

9.4

188

30 Nov 63

8B

20.0

599.8

-8.4

463.2

5.55

0.015

177

4.1

273

4 Dec 63

4

24.4

598.7

-5.1

459.1

5.59

.09

686

67.2

747

4 Dec 63

11

24.4

599.0

-5.1

459.0

5.59

.04

414

60.8

1522

4 Dec 63

13

24.4

598.7

-5.1

458.9

5.59

.04

431

63.4

1584

4 Dec 63

14

24.4

598.8

-5.1

458.8

5.59

.04

377

55.4

1386

4 Dec 63

15

24.4

598.6

-5.1

458.6

5.59

.02

290

42.7

2132

3 Dec 63

3C

26.0

595.1

-2.2

462.1

5.02

.16

231

5.4

33.9

3 Dec 63

5C

26.0

595.5

-2.2

462.5

5.02

.08

174

4.1

51.1

3 Dec 63

8C

26.0

595.7

-2.2

462.6

5.02

.05

100

2.4

47

3 Dec 63

2C

26.0

595.6

-2.6

461.2

5.15

.16

459

10.8

67.5

3 Dec 63

4C

26.0

595.3

-2.6

460.6

5.15

.08

290

6.8

85.2

3 Dec 63

10C

26.0

596.0

-2.6

461.2

5.15

.04

176

4.1

103.5

Table 2
Effect of Depletion of Vapor on Nucleation Rates by Growing Drops
ON

Cn
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of this type, using many small time intervals and extrapolating back
to zero sensitive time, can be used to obtain the nucleation rate,
which would be observed for an infinitesimal sensitive time.*

This

offers a means of correcting for vapor depletion effects without
making any specific assumptions concerning the droplet growth law.
This same information can be used to study droplet growth laws.
In performing these experiments it was found that it was difficult
to reproduce supersaturations accurately in the third significant
figure.

The reduction of data was sufficiently time consuming so

that experiments usually were completed prior to the beginning of the
data reduction.

Consequently, the desired data frequently were not

obtained due to the lack of perfect reproducibility of the experimental
equipment.

Time did not permit the accumulation of supplementary

data on the decrease of the nucleation rate with time.

Although

sufficient data have not yet been obtained to take full advantage of
this method of extrapolation, figure 18 illustrates the potential
value of this method.
Courtney^^^ has made a number of numerical computations from
the classical liquid drop theory with an IBM 7090 computer.

Figure

19 compares our preliminary uncorrected data with Courtney's theoretical
results and the classical liquid drop theory according to Farley's
treatment.

The circled points indicate

* Table 2 lists the experimental conditions for these data.

drops/cm3-see
HOMOGENEOUS NUCLEATION RATE

SUPERSATURATION
Figure 19.

Homogeneous Nucleation Rate Measurements
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a final temperature of -5 — 0.4°C.

The ordinary points are for

final temperatures ranging from -3 to -4.5 and -5.5 to -7°C.

The

sensitive time for all points is 0.015 to 0.02 second with the ex
ception of a few points for very low S where the sensitive time is
somewhat longer.

This sensitive time interval is the closest interval

consistent with Courtney's calculations.
experimental results.
counting droplets.

Table 3 summarizes the

Figure 20 is a typical photograph used for

Table 4 lists typical experimental conditions used

in these experiments.
The experimental error indicated on figure 19 is derived from
consideration of two sources only.

Other sources of error do exist

but have not been properly evaluated at this time.

For the small drop

counts associated with small rates, the probable error in the drop
count predominates since it goes like Vn.

At very large rates the

sensitive time has been made so short that a constant supersaturation
does not really prevail during the nucleating time, and residual
noise and apparatus vibration may cause an error of significant
magnitude in the time measurement.

From error analysis, it is shown

that an error of 0.01 second in the recording of the sensitive times
may cause as much as 100% error in the nucleation rate for sensitive
times of the order of 0.01 second.

Means of improving this possible

error are being worked on presently in this laboratory.

Many experi

mental points for the same final temperature and supersaturation are
needed to reduce the error due to Vn.

Notice that the experimental

points drop well below the values predicted by the classical expression,
as expected.

However, the experimental points are higher than

Date
13 Nov 63

Expan
sion
Number

Initial
Initial Pressure
Temp.
(inches
of water)
°C

Final
Temp.
°C

Final
Pressure
(inches
of water)

S

13A

23.2

598.4

-3.0

465.6

4.59

2

23.0

596.6

-3.3

470.9

4.63

25 Oct 63

7C

21.1

595.2

-4.9

470.7

4.66

1 Dec 63

6C

21.6

596.8

-4.9

469.4

1 Dec 63

7C

21.6

596.8

-5.2

1 Dec 63

18C

21.6

597.0

1 Dec 63

17 C

21.6

1 Dec 63

24B

4 Dec 63

Total
Time
No. of
Sensi Drops
tive Counted

I

exp

12

2.16

1.56

16

3.2

2.61

.11

3

3.3

1.78

4.78

.02

45

0.54

27

468.3

4.88

.01

47

0.54

54

-5.4

467.2

4.94

.02

46

1.08

54.1

597.0

-5.9

464.9

5.123

.02

80

1.88

94.1

21.6

596.1

-5.9

464.5

5.125

.02

207

6.08

23

24.4

599.0

-3.8

464.6

5.14

.02

50

1.18

58.8

4 Dec 63

22

24.4

599.0

-3.9

464.4

5.17

.02

62

1.46

73

3 Dec 63

12C

26.0

596.0

-3.0

459.8

5.29

.02

397

9.34

467

1 Dec 63

16C

21.6

596.8

-6.5

462.7

5.31

.01

158

3.72

372

4 Dec 63

21

24.4

598.5

-4.5

461.3

5.38

.01

277

6.5

651

4 Dec 63

16

24.4

598.7

-4.6

461.2

5.42

.02

344

8.02

400

4 Dec 63

17

24.4

598.8

-4.7

460.6

5.45

.015

296

11.6

774

1 Dec 63

18B

21.6

596.2

-6.9

460

5.46

.015

473

17.3

1153

4 Dec 63

18

24.4

598.8

-5.0

459.6

5.56

.015

222

21.76

1450

4 Dec 63

15

24.4

598.6

-5.1

458.6

5.59

.02

290

42.6

2132

2 Nov 63

.18

Drops
/cm^

0.2

Table 3
Uncorrected Data on Homogeneous Nucleation Rates

304
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Figure 20.

Photograph of Typical Homogeneous Nucleation
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Table 4
Operating Conditions
1.

Chamber Constituents
Liquid: distilled water blackened with Putnam black dye.
Gas: Helium (Matheson Company)

2.

Typical Sensitive Volume Pressures at Room Temperature
Initial pressure before expansion: 590 in. HoO
Fully expanded for homogeneous nucleation: 470 in. ^ 0
Overcompressed: 76 cm Hg gauge in lower chamber

3.

Clearing Field:

4.

Cycle Time:

5.

Typical Valve Time Settings:
Valve
Start
Stop
1 (new large expansion valve)
.04
.11
2 (small expansion valve and galvanometer
.13
.43
channel 1
1A (large expansion valve)
.09
.41
10 (compression valve) depended on stop of No. 2 valve
4 off
5 off
6 (small compression) off
6A (small compression) off
compression system
21.6
1 min

6.

Illumination:
Incandescent:

7.

8.

Flash:

1800 volts DC, .015 microamperes

2 minutes 20 seconds

operating voltage: 200 VAC, 10 amps.
with a water heat filter and glass heat filter
3 Xenon flash tubes, 3/8 inch diameter
operating voltage: 2200 volts DC
ultraviolet filter - Kodak 8K2, 360° alluminized with
1/8 inch slit made by hand.

Camera:
Stereo-movie camera 35mm
Operating voltage 52 volts DC, 10 amps.
Lens opening f/6.5, focal length 5 cm
Object distance 51 cm
Depth of focus 2 cm
Magnification approximately 1/10
Framing rate 10/sec

9.

Film Processing:
Kodak 35 mm Tri X Pan and Ansco 35mm Super Hypan
Developer - Kodak D-19 9 minutes at room temperature
1st Stop bath - 1 min.
2nd Stop bath - 1 min.
Fixer - Hunt x-ray fixer hardener
Fixer neutralizing agent - Kodak - 1 min.
Washing 10 minutes in running tap water

Each batch of developer, stop bath, and fixer was used for
100 feet of film only.
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Courtney's curve for small S, but fall
higher S.

below Courtney's curve for

C23)
CourtneyN
states that he expects experimental points

to be lower than his theoretical values.
Courtney has also estimated the reduction in the nucleation rate
due to vapor depletion.

He assumes a simple collision frequency

growth law which does not take into account the regulating effect
of vapor and heat diffusion.

He also assumes a uniform vapor dis

tribution at all times when in actuality a swiss cheese model would
be more realistic where low droplet densities are concerned.

Vapor

depletion only occurs in the immediate vicinity around the growing
drops yielding a "dead space" around each droplet.

The diffusion of

heat into the region around each droplet may be even more important
in reducing the supersaturation in this region.

The magnitude of

the vapor depletion effect is evident from figure

18 .

The decrease

in the nucleation rate with time seems to be somewhat slower than
Courtney's estimates.

Comparison with Other Investigators
Ci

Masonv"LJ/ presents a table of homogeneous nucleation rates
observed over the years by different investigators.
reproduction of that table.

Table 5 is a

The cloud chamber used by most of these

investigators was volume defined.
were of the order of 0.001 second.

Mason assumes the sensitive times
The supersaturation during

nucleation was not constant due to heating effects from the walls of
the chamber and the condensation.

This effect makes the apparent

supersaturation greater than that which actually exists.

Our equipment
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overcomes this difficulty.

Also, supersaturation was held constant

in our experiment by maintaining a constant final temperature, i.e.,
the supersaturation was not perturbed by heating effects due to the
walls.

Of course, the supersaturation decreased in the vicinity

of droplets due to drop growth.

That is one of the points of

investigation in this work.
Table 5 shows that the determination of critical supersaturation
was not uniform.

Except in the case of Barnard, these investigators

3
estimated the number of drops/cm .

observe accurately.

Ten drops/cm

3

is difficult to

For precise data, this type of observation

introduces enormous errors.
to compare with our results.

The supersaturation of Barnard is too high
No attempt will be made to compare our

results with Wilson or Powell since they did not have an electric
field.

However, the results of Frey are close to our results.

is likely that Frey's data were for condensation on ions.

It

For X 53 5.0

and final temperature -10°C, his nucleation rate is about 10^.

For

final temperature -4.5°C, and S - 5.03, our results give I - 970

3

drops/cm -sec.

With approximately the same values of S and final

3
temperature our results give 1 - 5 0
clearing field.

drops/cm -sec with the electric

His results differ from ours by a factor of 1000.

Sander and Damkohler seem to have measured nucleation on ions.

For

O
T^ = -12°C and S 53 4.36, they observed approximately I “ 100 drops/cm -sec.

3
Our results for S 33 4.38 and T^ 33 -3.5 give 218 drops/cm -sec when ions
are present.

When the field was used our observations showed I 33 0.

The conclusion that Sander and Damkohler measured condensation on
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Ti(0K)

Tf(°K)

O

expt.

Obs. droplet
concn.(cm"3)

T

obs.

^theor

106

7.0

1

102

5.42

10

105

5.90

Wilson^

293

257

7.90

"cloud limit"

47

291

256.6

7.80

probably

Volmer and Flood20

261

5.03

Frey25

263

5.0

261

4.36

1

102

5.42

261

6.60

103

106

6.40

261

5.70

10

103

5.68

238

6.40

10

103

9.50

Powell

Sander and Damkohler
Barnard

22

Pound et al •

43
293.7

49

103

Table 5
Experimental and Observed Rates of Homogeneous Nucleation in
Water Vapour
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ions seems to be verified.

The results of Pound for T^ =

-12°C

comes

/i o\

fairly close to ours.

See figure

19.

Masonv

1

says that Pound's

results for lower final temperatures do not agree with theory and
that his agreement with theory for final temperatures near 0°C
are probably fortuitous.

At any rate the disparity of data taken

by various investigators indicates that the experimental techniques
employed are not highly developed.

Data cannot be found which can be

directly compared to our own since no one has actually measured
nucleation rates as a function of different supersaturations.

Re-Evaporation Nuclei
In order to gain some insight concerning the mechanism by which
re-evaporation nuclei achieve their persistence, a series of experi
ments were conducted.

These experiments were impaired by the fact

that the recording system had not yet been perfected.
hensive experiments will be made in the near future.

More compre
However, in

spite of the qualitative character of these experiments re-evaporation
nuclei were found to possess some interesting properties.
chamber was programmed as shown in figure

21.

The cloud

The way in which the

recording system will be programmed in future experiments is indicated
in the figure.
The first fast expansion produced a few ordinary tracks, i.e.,
condensation on ions.

After about 0.5 second the tracks were evaporated

by a fast compression which raised the temperature of the gas in the
sensitive volume to about 50°C, which was about 30° higher than room
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Figure 21.

Typical Cloud Chamber Program

for the Study of Re-Evaporation Nuclei

77
temperature.

The droplets evaporated quickly.

A slow compression

following the fast compression maintained this high temperature for
about 3 seconds.

Even though the pressure recording system was not

perfected at this point in the research program, it was accurate
enough to display constant pressure on the recorder.

So, even

though temperature was not known exactly, it was known to be constant.
Afterwards, a second fast expansion was performed.

The magnitude of

this expansion was great enough to bring back tracks formed during
the first expansion.
It was noted that tracks which were evaporated, reappeared
somewhat diffused after the second expansion.

There can be no doubt

that the droplets originate from the same centers.

The re-evaporation

nuclei possess a sharp critical supersaturation depending upon certain
factors in their past history.

The magnitude of the critical super-

saturation required to bring back the tracks depended on the magnitude
of the evaporation compression.

It was observed that the greater

the evaporation compression, the greater the second expansion had to
be in order to bring back the evaporated tracks.

The comparative

amount of evaporation compression, although not known exactly, was
obtained by the pressure trace.

This critical supersaturation

appeared to approach the value for condensation on ions which could
be determined by the appearance of new tracks.

There is some shaky

evidence that the age of the original droplets is an important factor
although this point has not been studied systematically.
The time the droplets were left in the evaporated state was
varied drastically.

The tracks were held in the same state of compression
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for time intervals up to 3 seconds.

The critical supersaturation

required to bring them back showed no dependence on the length of
time held in the compressive state.

After maintaining a high temperature

for 3 seconds, the chamber condition was brought back slowly to the
normal pre-expansion state.

After several minutes an expansion was

performed and the critical supersaturation observed.

Apparently,

the critical supersaturation is unaffected by waiting intervals up
to 30 minutes.

For long waiting intervals, however, the droplets do

not appear as diffuse tracks but as a rather uniform background
distribution.

Visual observation indicates that the total number

of droplets observed is roughly consistent with the droplet content
of the initial tracks.

Again, these observations are to be repeated

with high resolution photography.
It is concluded that re-evaporation nuclei do exist indeed and
apparently have very interesting properties.

The stability of the

residues is consistent with the idea that an impurity is present
as a solute.

The concentration of the solute increases as the droplet

evaporates, thus bringing the droplet into equilibrium.

It is not

known why the droplets would not gradually change to conform to the
conditions of saturation when long waiting intervals are employed.
They apparently possess an activation energy barrier much like that
of other forms of heterogeneous condensation.

This is a case where

nuclei of predetermined surface properties may be manufactured by the
experimental apparatus.

This alone should be of significant value.

The above mentioned observations are to be construed as entirely
preliminary.

The experiments were crude.

The intent in performing
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them was to gain sufficient knowledge of the process to enable a more
comprehensive experiment to be arranged.

CHAPTER V

CONCLUDING STATEMENTS
The experimental apparatus used in this work was developed and
constructed in this laboratory by previous students under the direc
tion of Dr. James L. Kassner, Jr.

The original proposal to make

homogeneous nucleation measurements was made by the author after a
period of indoctrination on the operation of the apparatus.

The

idea developed over a period of time and was modified significantly
before the present scheme evolved.

The contributions of those persons

mentioned in the acknowledgments were confined primarily to supporting
problems such as computations required for making the graphs which
were used in the data reduction process and the development of pieces
of special electronic gear for the electronic measuring system.

The

work of these individuals will be disclosed in detail in their
respective theses later on.

The relation of all of these developments

is brought out in this manuscript to provide background for the
physical measurements made by the author since these contributions
have not yet been published.

Except for some assistance from several

students in the reduction of data, the homogeneous nucleation measure
ments and studies of re-evaporation nuclei represent the contribution
of this author.

It is clearly recognized that without the total effort,

this work would not have been possible.

The complexity of the overall

apparatus is such that several persons are required for its successful
operation.
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Summary
Reliable homogeneous nucleation rate measurements are almost
non-existent in the literature.

Most of the experimental work has

been of the critical supersaturation variety.

There has been little

consistency in the method of making these measurements.

As a result

the disparity between the work of various investigators has been con
siderable.

This disparity is largely due to (a) their lack of

photographic data giving droplet concentrations accurately, (b) a
general lack of knowledge about the nature and duration of the
sensitive time of the cloud chamber, and (c) a lack of a reliable
means of establishing the supersaturation.
This work presented a new experimental approach to the measure
ment of homogeneous nucleation rates.

The method is generally applicable,

with suitable minor modifications, to the measurement of other types
of nucleation rates.

High resolution photography establishes the

droplet concentration accurately after all droplets have had a chance
to grow to photographable size.

A continuing expansion is employed to

counteract the compressive effect of heat conduction from the walls.
As a result a constant pressure may be maintained at the center of
the chamber for 0.5 second in the absence of condensation.

Thus, the

supersaturation is constant except for the depletion of vapor by the
growing droplets.

The sensitive time may be artificially terminated

by a small compression so that the nucleation rate may be measured as
a function of the time.

By extrapolating back to zero time, the

nucleation rate is automatically corrected for the depletion of
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vapor effects.
laws.

This same data can be used to study droplet growth

Only a modest amount of data was obtained illustrating this

technique.
The nucleation rate measurements are compared with the Frenkel
version of the classical liquid drop theory, the corrected version
of the Frenkel theory proposed by Courtney and Courtney's combination
of corrected Frenkel theory and a simple collision frequency growth
law.

Agreement with the latter is unexpectedly good.

Recommendations for Further Work
Vibration in the apparatus placed large limits of error on the
measurement of the sensitive time.

The sensitive times are never

theless still better defined than those of previous work in the
literature.

The cause of these oscillations needs to be found so

that this effect can be eliminated.
1.0°C is unreasonably large.

The top-bottom gradient of

The large gradient was used because

the cloud chamber liquid pool was not independently thermostated
and fluctuations in room temperature could cause gradient reversals.
These reversals were disasterous because they caused condensation on
the top glass.

The evaporation of the condensate always leaves streaks

on the glass which obscure photography.

With proper thermostating

of the cloud chamber liquid pool, the top-bottom gradient can easily
be reduced to 0.1 to 0.2°C.

Thermocouple measurements should be

made in the sensitive volume to establish the exact initial temperature
of the gas.
With some reduction in the oscillation of the apparatus following
the fast expansion and a better means of establishing the initial
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temperature of the gas, it should be possible to reduce the error in
measurements of the type described here to less than 20 percent.
Nucleation rate measurements as a function of supersaturation have
been made with a modest probable error.

Measurements of this type

have not been previously made and little information was available in
the literature for direct comparison with our own.

In most cases

one or more parameters required for the calculation of a nucleation
rate were guessed at so the reliability of previous data is questionable.
Further exploitation of the method developed during this work for
measuring nucleation rates should be undertaken in order to provide
theoreticians with comprehensive experimental data.
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